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SUMMARY 

An analysis is presented of the relationship of various 
engine factors to knock or preignition in an aircraft engine. 
From this analysis and from the available experimental 
data, a method of evaluating the knocking characteristics 
of the fuel in an aircraft-engine cylinder is suggested. Be- 
cause the method is based on the physical factors controlling 
knock, the knocking-characterisiic curve for each fuel 
expresses the relative maximum permissible engine per- 
formance obtainable from the fuel. Curves are presented 
showing the manner in which the knocking-characteristic 
curve can be used to predict the relationship between com- 
pression ratio and maximum permissible indicated mean 
effective pressure, minimum permissible specific fuel con- 
sumption, and maximum permissible peak pressure for 
any one fuel. Additional curves show that the knocking- 
characteristic curves permit a rational choice to be made 
between two or more fuels or permit the fuel to be selected 
that most satisfactorily meets the given engine requirements. 
The suggested method of determining the knocking charac- 
teristics is compared with the octane-number scale. 
Throughout the discussion, the susceptibility of the fuels 
to the temperature conditions within the engine is 
emphasized. 

INTRODUCTION 

The knocking characteristic of a fuel is the most 
important factor in determining the maximum per- 
missible performance obtainable from that fuel in a 
spark-ignition engine. For this reason, extensive re- 
searches have been conducted in an effort to rate fuels 
according to their knocking characteristics in aircraft 
engines. Most of these investigations have been con- 
ducted with the idea of determining a simple method by 
which the knocking characteristics of various fuels can 
be compared on an empirical basis. In order to deter- 
mine the maximum permissible engine performance 
obtainable from any one fuel, the problem must be at- 
tacked from a somewhat different angle. The question 
becomes one of defining basic relationships between the 
different engine variables and the limiting engine per- 
formance. The characteristics of the individual engine 



become important as well as the characteristics of the. 
fuel. If the basic relationships can be determined, it 
should be possible to predict the maximum permissible 
engine performance under numerous engine operating 
conditions from tests conducted under a few operating 
conditions. 

The problem resolves itself, therefore, into two parts: 
First, a correlation of the effect of the various engine 
factors on the knocking characteristics of the fuel or,, 
since the knocking characteristic of the fuel is the 
primary independent variable, the correlation between 
the knocking characteristics of the fuel and the per- 
missible combinations of the different engine variables; 
and, second, a determination of the maximum per- 
missible engine performance based upon this correla- 
tion. 

A correlation between the different variables having 
once been obtained, the results can be expressed in the 
form of one or more curves depending on the number 
of independent variables. Such curves have already 
been presented in reference 1 and have been suggested 
as a method of rating fuels. Serruys (reference 2) 
has shown data that correlate maximum permissible 
peak pressure, compression ratio, and power output. 

In the present report, the data presented in refer- 
ence 1 are extended and analyses are made of these 
data and of the results of other investigators so that a 
correlation of the various engine factors can be ob- 
tained. From this analysis it is shown that a single 
curve obtained from the variation of a few conditions 
represents the knocking characteristics of the fuel in 
an engine over a wide variety of conditions. 

In the second part of the report it is shown that, 
from the knocking characteristics of the fuels obtained 
on various engines, estimates can be made of the effect 
of compression ratio, inlet-air temperature, and inlet-air 
pressure on the maximum permissible indicated mean 
effective pressure, minimum permissible specific fuel 
consumption, and maximum permissible peak pressure. 

A third section is included in which the knocking 
characteristics are compared with the octane numbers 
of the fuels investigated. 
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I— DETERMINATION OF KNOCKING CHARACTERISTICS 

The phenomena that limit the severity of engine 
conditions to which a fuel can. be subjected are knock 
and preignition. Knock, or detonation, is defined as a 
combustion phenomenon that results in an abnormal 
and uncontrollable rate of pressure rise near the end of 
combustion, which takes place with sufficient rapidity 
to set up waves within the gas that travel at velocities 
equal to or greater than that of sound in the gaseous 
medium. Preignition is defined as ignition of the charge 
by some source other than the ignition spark and prior 
to the ignition spark. 

KNOCK 

Knock in spark-ignition engines, according to the 
most generally accepted concept, is the result of the 
almost simultaneous burning of the end gases in the 
combustion chamber. This burning is of sufficient 
rapidity to cause a sudden increase in the pressure in 
part of the combustion chamber. The pressure increase 
takes place at a rate more rapid than the rate at which 
the pressure is transmitted through the gas. There- 
fore a system of pressure waves is set up within the 
chamber. These gas vibrations strike the combustion- 
chamber wall and induce vibrations in the engine 
structure, which give rise to the metallic knock. 

More recent data obtained at this laboratory (refer- 
ence 3) have led to the conclusion that knock may not 
necessarily be the auto-ignition of the end gas, because 
knock has been observed after the combustion front 
has apparently traversed the end gas. Regardless of 
the nature of knock, the effect on the pressures within 
the cylinder is the same — a sudden increase in the local 
pressures, and, with heavy knock, a sudden increase 
also in the mean pressure throughout the chamber. 
Knock, if sufficiently severe, is accompanied by an 
eventual loss in power, possible preignition, and, if con- 
tinued, results in overheating of the engine and conse- 
quent engine failure. 

PREIGNITION 

Preignition is generally surface ignition at some hot 
spot in the combustion chamber. The effect of pre- 
ignition is the same as that obtained by advancing the 
spark timing, that is, combustion starts too early in the 
cycle. As a result, there is loss of power and overheat- 
ing of the engine (unless the spark has been retarded to 
a value less than that for optimum power). The early 
start of combustion may also be accompanied by knock 
although this is not necessarily the case. Some fuels, 
such as benzene, are prone to preignite although in the 
pure state they do not knock. The combustion started 
by preignition is not essentially different from that 
started by the electric spark at the spark plug. The 
difficulties caused by preignition result from a lack of 
control of the time at which ignition starts. 

In the present report, most of the data discussed 
relate to knock and not to preignition. The analysis of 
the method of estimating maximum permissible engine 



performance will be based on knocking fuels and not on 
preigniting fuels. 

ENGINE FACTORS INVOLVED 

Knock and preignition are phenomena of combustion ; 
they must therefore be controlled by the physical state 
of the gases within the combustion chamber as well as 
by the chemical composition of the gases. The condi- 
tions that control the state and the composition of the 
gases within the combustion chamber are: 

(a) Chemical composition of the fuel. 

(6) Fuel-air ratio. 

(c) Exhaust-gas dilution. 

(d) Humidity. 

(e) Compression ratio. 
(J) Inlet-air temperature. 

ig) Inlet-air pressure or density. 

(h) Wall temperature of combustion chamber and 
cylinder.. 

(i) Spark advance. 
(j) Engine speed. 

(A) Engine dimensions. 

(J.) Combustion-chamber form. 

All these factors affect, either directly or indirectly, 
the chemical and the physical properties of the gases 
within the combustion chamber at the time knock 
or preignition takes place. In the determination of 
knocking or preigniting characteristics of fuels, the re- 
lationship that is to be derived is the effect of the 
chemical composition of the fuel or the effect-of different 
fuels on the values of the other 11 factors that result in 
knock or preignition. 

TEMPERATURE-DENSITY RELATIONSHIP 

It seems reasonable to assume that the temperature 
and the density of the combustion gas just prior to 
knock are the physical properties of the combustion 
gas which determine whether or not the fuel knocks. 
If the assumption is accepted that the two physical 
properties controlling knock are the gas temperature 
and the gas density, it can be said that, for each gas 
density, there is a corresponding gas temperature at 
which knock will occur. It follows that, if this con- 
tention is true, the knocking characteristics of a fuel in 
any engine can be determined from the relationship 
between the gas temperature and density which results 
in knock. A second and equally important contention 
that must necessarily follow is the impossibility of 
adequately expressing the knocking characteristics of a 
fuel by deteraiining one and only one combination of 
temperature and density at which knock occurs. 

Since preignition is generally the result of a hot spot 
in the combustion chamber, it is reasonable to assume 
that the secondary ignition characteristics of fuel can 
best be obtained by detemining the relationship be- 
tween the hot-spot temperature and the temperature 
and the density of the combustion gases which result in 
this secondary ignition. It is probable that the tem- 
perature of the hot spot in this case is more important 



KNOCKING CHARACTERISTICS OF AIRCRAFT ENGINES 



269 



than the temperature of the gases. But, again, the 
fuels must not be evaluated at any one set of engine 
conditions but over a sufficient variety of engine con- 
ditions to permit a temperature-density relationship for 
preignition to be determined. 

Determination of temperature-density relationship. — 
The immediate cause of knock is the gas density and 
temperature in the knocking region of the combustion 
chamber the instant before knock occurs. If the 
explosion pressure just previous to knock can be 
measured, the temperature-density relationship can be 
obtained from a method similar to that presented by 
Serruys in reference 2. Inasmuch as the knock appar- 
ently occurs in the last part of the charge to burn 
(whether it is previous to or after the propagation of 
the normal flame through this region does not affect 
the analysis), the temperature and the density of this 
gas can be used as the criterion for detennining the 
conditions that cause knock. This portion of the 
charge is compressed by the previously burning mix- 
ture as well as by the piston during the compression 
stroke. The actual value of these ratios need not be 
known to estimate the temperature and the density, 
provided that the peak combustion pressure preceding 
knock is known. 

From the conventional thermodynamic equations, the 
density of this end gas previous to its combustion, as the 
intensity of the knock approaches zero, can be ex- 
pressed as: 

and the temperature in the knocking zone as: 

in which P3 is the gas density in the knocking zone im- 
mediately preceding knock. 

Pi, the inlet-air pressure. 

Ti, the inlet-air temperature. 

P 3 , the pressure immediately preceding knock. 

y, the adiabatic coefficient. 

Tz, the temperature in the knocking zone im- 
mediately preceding knock. 

K, a constant. 
It will be noticed that these expressions are the same as 
those given in reference 2 except that the density is used 
in place of the pressure. 

In accordance with expressions (1) and (2), tests can 
be run with an engine at combinations of compression 
ratio, spark advance, inlet-air temperature, and inlet- 
air pressure that cause knock. Prom these residts, 
equations (1) and (2) can be evaluated and a curve con- 
structed from the resulting data. The equations 
involve neither the compression ratio of the engine nor 
the spark advance. 

In general, it is not easy to make an accurate measure- 
ment of the peak pressures in an engine; therefore, the 
problem of correlating the effects of the different engine 



variables will be simplified if some other temperature 
and density in the cycle can be. used. When the other 
factors are maintained constant, for optimum spark 
advance, the gas temperature and density in the 
knocking zone can be expressed in terms of the inlet- 
air pressure, the inlet-air temperature, and the com- 
pression ratio in the following manner: Equation (1) 
can be expressed as 

If P 2 is the compression pressure, T 2 the absolute 
compression temperature, and T % ' the mean absolute 
temperature throughout the combustion chamber im- 
mediately preceding knock, the density pj can be 
expressed by: 

But 

and 

in which H is the heat content per pound of mixture; 
c„ the specific heat of the mixture at constant volume; 
and B, the compression ratio of the engine. Therefore 

^*=^i+OTFi)' (la) 

In expression (la), BPJTi represents tbe density 
of the gases at top center, and the expression 
(1 +.H/c,2VRt _i )t represents the further compression 
of the gases in the end zone during the combustion 
period. By a similar analogy, it can be shown that 

T^Tjr-i }+T ^f (2a) 

In expression (2a), TJP~ l represents tlie compression 
temperature, and the expression (1 ■\-Bjc,TJt''~ 1 )T 
represents the temperature increase in the end gas 
caused by the compression in this zone during the 
combustion. 

In the evaluation of expressions (la) and (2a), e, is 
estimated to be 0.25 B. t. u. per pound per °F., y to be 
1.29, and H to be 1,160 B. t. u. per pound of mixture. 

TABLE I 

ESTIMATED TEMPERATURES OE END GAS Tt FOR VARIOUS COM- 
PRESSION' RATIOS AND INLET-AIR TEMPERATURES 





Inlet-air temperature C 


FJ 


Com- 
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ISO 


ISO 


200 


240 


ratio 












r, p f.) 


8 


1,440 


1,520 


1,600 


1,680 


8 


1,540 


1,620 


1,700 


1,780 


10 


1,630 


1,720 


1,810 


1,800 


12 


1,700 


1,700 


1,8S0 


1,870 
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The values of T 3 for a series of compression ratios and 
inlet-air temperatures are given in table I. The table 
shows that, whereas an increase in compression ratio of 
from 6 to 8 increases the end-gas temperature 100° 
F., an increase in inlet temperature of from 120° F. to 
to 240° F. at the lower ratio increases the end-gas 
temperature 240° F. It can be concluded that, if 
temperature alone is considered, an increase in com- 
pression ratio, in the normal operating range should not 
have any great effect on the fuel requirements of the 
■engine. Any effect of increasing the compression ratio 
must therefore lie mainly in the increase of the gas 
density at top center. 

In the determination of the knocking characteristics 
of fuels in an engine, it will be necessary to determine 
the temperature-density relationship for knocking com- 
bustion over a sufficient range of engine conditions to 
establish a definite curve. If. the assumption is made 
for the moment that this curve (over the operating 
range) is a straight line, the results for two fuels of 
•different chemical properties may appear as shown in 
figure 1. In this case, fuel A is superior to fuel B at low 
gaB temperatures but fuel B is the better at high tem- 
peratures; fuel A is more susceptible to temperature 
variations than fuel B. 



-5 

I 
1 

! 
I 

I 




Fuel B 



Fuel A- 



Estimated end-gas temperature, T 3 
Figube l. 

The foregoing relationship can be established by 
keeping the compression ratio constant and varying the 
inlet-air temperature and pressure; by keeping the inlet- 
air pressure, constant and varying the compression ratio 
and the inlet-air temperature; or, as will later be shown, 
by varying the engine-coolant or the jacket tempera- 
ture instead of the air temperature. 

Experimental check of temperature-density rela- 
tionship. — Recent tests completed by the N. A. C. A. 
{reference 1) show the maximum permissible inlet-air 
pressure without knock for a series of compression ratios 
and inlet-air temperatures, using fuels made by blend- 
ing commercial iso-cctane (2, 2, 4 — trimethylpentane) 
with a reference fuel of low knock rating. The commer- 



cial iso-octane was similar to the C. F. R. S-l reference 
fuel and the fuel with low knock rating was similar to 
the C. F. R. M-l reference fuel. The blends tested 
consisted of 85, 90, 95, and 100 percent of the iso-octane 
fuel and are so designated. In addition, the iso-octane 
was tested with 1.0 ml per gallon of tetraethyl lead. 

TABLE n 

EFFECT OF INLET-AIR TEMPERATURE ON MAXIMUM PERMIS- 
SIBLE INLET-AIR PRESSURE AT DIFFERENT COMPRESSION 
RATIOS 

[Engine speed, 2,500 r. p. m.; coolant temperature, 250° F.; fuel-air ratio, 0.081; flat-disk 
combustion chamber] 



Kibck 



Audible— 



Do- 



Do 



Do 



Do.. 



Fuel 



85 percent Iso-octane. 



90 percent Iso-octane. 



95 percent Iso-octane. 



Iso-octane.. 



Iso-octane + 1.0 ml 
tetraethyl lead. 



Inlet-air 
tempera- 
ture, 
CFi 



120 
160 
200 
240 
280 

120 
100 
200 
240 
280 

120 
160 
200 



120 
160 
200 
240 
280 

120 
160 
200 
240 



Compression ratio 



6.50 7.26 8.00 8.75 



Inlet-air pressure (in. ITj aba.) 



32.fi 
32.5 
32.5 
32.5 



35.0 
36.0 
32.5 
32.6 
32.0 

37.5 
37.5 
35.0 
32.6 
30.0 

40.0 
40.0 
35.0 
36.0 
30.0 



32.5 
32.5 



35.0 
35.0 
32.5 



37.5 
32.5 
32.6 
32.5 
30.0 



30.0 



32.5 
32.6 
30.0 



37.5 
36.0 
32.5 
30.0 



30.0 
30.0 



32.5 
32.5 
30.0 



Improved cooling In center ol cylinder head 



Audible... 



Do. 



Incipient. 



DO 



85 percent Iso-octane. 



Iso-octane.. 



.do. 



Iso-octane + 1.0 ml 
tetraethyl lead. 



120 
160 
200 
240 



120 
160 
200 
240 
280 

120 
160 
200 
240 
280 

120 
160 
200 
240 
280 



34.4 
83.1 
32.1 
29.9 
29.7 

40.7 
41.6 
39.8 
30.6 
38.0 

37.6 
30.7 
35.6 
33.7 
30.2 



29.5 



35.8 
35.6 
33.2 
30.9 



30.7 
30.9 
29.4 
29.5 



48.5 
48.2 
46.2 
42.9 
40.6 



34.2 
32.4 
29.4 



29.2 
27.9 



43.9 
45.6 
39.3 
34.7 
32.7 



31.4 



27.1 



41.8 
41.2 
33.1 
32.5 
30.3 



t Maximum lnlet-alr pressure limited by prolgnltlon or afterignltion. 

Tables II, III, and IV show a summary of the results 
presented in reference 1 and of results subsequently ob- 
tained with the test engine. The test engine was oper- 
ated at 2,500 and 2,200 r. p.m. and was cooled with ethyl- 
ene glycol maintained at a temperature of 250° F. The 
engine dimensions are 5 by 5% inches. One flat-disk 
and one pent-roof combustion chamber were tested. 
The piston used with the pent-roof chamber had 
recesses. cut in the top to prevent its contacting the valves 
at the high compression ratios. In the first series of 
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TABLE m 

EFFECT OF INLET-AIR TEMPERATURE ON MAXIMUM: PERMIS- 
SIBLE INLET-AIR PRESSURE AT DIFFERENT COMPRESSION 
RATIOS 

Engine speed, 2,200 r. p. m.; coolant temperature, 260° F^ fael-afr ratio for beat 
power; knock, Incipient; pent-roof combustion chamber; fuel, iso-octane] 



Inlet-air 
tempera- 
ture 
("FJ 


Compression ratio 


6.60 


7.26 


8.00 


Inlet-air pressure (In. Hg absolute) 


120 
160 
200 
240 
290 


40.2 
40.0 
37.2 
36.2 
34.2 


36.1 
36.6 

33.6 
31.2 


33.3 
32.1 
32.6 
30.0 



TABLE IV 



EFFECT OF INLET-AIR TEMPERATURE ON MAXIMUM PERMIS- 
SIBLE INLET-AIR PRESSURE AT DIFFERENT COMPRESSION 
RATIOS 

IEngine speed, 2,500 r. p. m.; coolant temperature, 250° F^ fuel-air ratio, 0.078; knock. 
Incipient; pent-roof combustion chamber] 



Fuel 


Inlet- 
air 
tem- 
pera- 
ture 
(°F.) 


Compression ratio 


6.60 


7.25 


8.00 


Inlet-air pressure (in. 
Hg absolute) 


85 percent Iso-octane... 


120 


32.7 


29.2 






160 


32.0 








220 


81.1 








240 


30.7 








200 


30.3 






90 percent Iso-octane... 


120 


34.6 


3LC 






160 


34.1 


31.1 






210 


33.3 


30.2 






250 


82.6 








300 


31.5 






96 percent Iso-octane 


120 


37.9 


34.2 


32.2 




160 


37.8 


33.8 


31.0 




210 


36.4 


33.1 


31.1 




260 


36.6 


31.2 






300 


33.2 


3a8 




Iso-octane 


120 


43.1 


38.3 


34.7 




170 


42.7 


37.7 


36.1 




210 


41.2 


37.1 


34.8 




250 


39.8 


34.9 


32.9 




300 


87.4 


33.7 


31.6 


Iso-octane-f-1.0 ml tet- 










raethyl lead 


210 


65.1 


49.6 


44.3 




250 


63.6 


47.0 


40.7 




300 


48.9 


44.3 


39.1 



tests with, the flat-disk chamber and the leaded fuel, 
.preignition or afterignition was observed at the two 
lower compression ratios. Afterignition consisted of 
firing after the ignition switch had been turned off. 
These data are not listed because in these tests the 
limit imposed by knock was desired. Improved cooling 
to the center of the cylinder head removed the hot spot 
that caused this secondary ignition, and the second set 
of data so indicated was recorded. It will be noticed 
that, for the 85- and 100-percent iso-octane, there was 
no appreciable change in the maximum permissible 
inlet-air pressure when the cooling of the cylinder head 
was improved. This fact will later be discussed in more 
detail. 

In figure 2 is plotted the maximum permissible density 
factor as a function of the estimated end-gas temperature 



obtained by substituting in equations (la) and (lb) data 
from table II for the iso-octane and the iso-octane plus 
1.0 ml of tetraethyl lead with the improved cooling. 
The important fact to be noted from the curves is that, 
although the data for each fuel were obtained for a 
variety of compression ratios, inlet-air pressures, and 
inlet-air temperatures, the data for each fuel can be ex- 
pressed as a single curve and from this curve various 
combinations of the three aforementioned variables can 
be chosen which will represent the maximum conditions 
at which the engine can be operated without knock. 
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Fiocee 2.— Effect of estimated temperature T> of end gas on maximum permissible 
density factor. Flat-disk combustion chamber; engine speed, 2.600 r. p. m.; 
improved cooling In cylinder head; fuel-air ratio, 0.081. 

The problem of determining the knocking character- 
istics of the fuel within the engine is simplified if recorded 
test temperatures and pressures can be used in place of 
the estimated values shown in figure 2. For the range of 

values shown in table II, the value of (1 +H/c t T l B"'~ l ) : ' 
at an inlet-air temperature of 120° P. varied from a 
value of 3.82 at a compression ratio of 6.5 to a value of 
3.62 at a compression ratio of 8.75. Consequently, it is 
reasonable to assume that, for any given inlet-air 
temperature, the density factor can be expressed by 
EPJTi. The value of the expression in the parentheses 
raised to (y-l)/y shows even less variation, the range 
being from 1.48 to 1.39 for all the values listed in 
table II. For practical purposes, the expression in the 
parentheses can be eliminated from equations (la) and 
(2a). The density factor is then expressed by BPi/Ti 
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and the temperature factor by ?VR r ~ 1 . As a further 
simplification, i? 7-1 will also be eliminated. The 
deletion of this factor from the temperature expression 
is justified, not from an analysis of the equation, but 
from the experimental results as shown in figure 3. In 
this figure the inlet-air temperature is plotted against 
the maximum permissible density factor, RPi(T u for 
the conditions shown in figure 2 together with some 
check runs. The. results show that the data can. be 
expressedin this manner by a straight line for each fuel. 
Similar curves for all the fueklisted in table II are shown 
in* figure 4. 
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Figure 3.— Effect of inlet-air temporature on maximum permissible density factor. 
Flat-disk combustion chamber; engine speed, 2,600 r. p. m.; Improved cooling In 
center of oyllnder bead; fuel-air ratio, U.081. 

The improved cooling of the fiat-disk cylinder head 
increased the maximum permissible density factor for 
the fuel that showed preignition or afterignition but not 
for the other fuels. This fact indicates that fuels sub- 
ject to this secondary ignition because of a hot spot 
in the combustion chamber can be used at more severe 
engine conditions if this hot spot is removed, whereas 
fuels that knock without first preigniting or afterignit- 
ing are not necessarily improved. A still more impor- 
tant conclusion is that preignition and afterignition are 
separate phenomena from knock and must be treated 
as such. It is quite probable that the hot spot in this 
case appeared only after the heat flow through the 



cylinder wall had exceeded a certain value and con- 
sequently was not present with the fuels of lower knock 
rating. 

The data from table IV for the pent-roof combustion 
chamber are plotted in figure 5. The deviation of tho 
experimental data from the curves in figure 5 is much 
less than that in figure 3. Extreme care was taken to 
decrease the cyclic variation of the spark timing in 
obtaining the data presented in figure 5. This varia- 
tion was decreased to ±3/4 crankshaft degree by mount- 
ing the breaker on an extension to the crankshaft. 

Plotting the values of i?Pi/2\ against inlet-air temper- 
ature instead of compression temperature and using a 
single curve to represent all compression ratios assumes 
that, for a given inlet-air temperature, the value of the 
factor RPi/Ti is a constant regardless of compression 
ratio. The data in figures 3 and 5 indicate that this 
factor is approximately constant for the engine tested 
over! a range of compression ratios from 6.50 to 8.75. 
Data - obtained by Mucklow (reference 4) on two 
engines and by Taylor (reference 5) on one engine 
(table V) over a similar range of compression ratios and 
for engines of a similar size also show this factor to bo 
approximately constant for a constant inlet-air tempera- 
ture. These data also indicate that the approximation 
is justified. 

TABLE V 

EFFECT OF COMPRESSION RATIO ON ALLOWABLE BOOST PRES- 
SURE. INLET-AIR TEMPERATURE CONSTANT FOR EACH SERIES 
OF TESTS 



Engine 


Fuel 


Compres- 
sion 
ratio 


Maximum 
induction 
pressure 
(m.Hgabs.) 


HP, 
10 


Single-cylinder Napier 




4.6 


42.3 


18.0 


(reference i). 




to 


54.3 


31.7 




a.s 


60.8 


2L3 


Single-cylinder Rolls- 




4.0 


95.4 


26.1 


Royce (reference 4). 




6.0 


68.8 


28.4 




5.5 


6L4 


28.8 






6.0 


60.9 


30.6 






a. 5 


46.3 


20.4 






7.0 


41.1 


28.8 


N. A. C. A. universal 


Domestic aviation 


8.6 


44.0 


16.4 


test engine (reference 5, 


gasoline. 


4.0 


37.6 


16.8 


fie. 11). 




16 


32.6 


16.8 




5.0 


30.0 


16.5 



Baerlage (reference 6} has reported a series of tests 
on a C. F. R. engine in which the compression ratio and 
boost pressure were varied to determine the maximum 
permissible values for a series of fuels from 50 to 100 
octane number. The inlet-air temperature was main- 
tained constant at 68° F. Table VI lists the products 
of the compression ratio by the maximum permissible 
inlet-air pressure for two of the fuels reported. 

For the C. F. E. engine, there is a defiuitc decrease 
in the maximum permissible density factor for an 
increasing compression ratio. It seems that, with tho 
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TABLE VI 

EFFECT OF COMPRESSION KATIO ON ALLOWABLE BOOST PRES- 
SURE ON C. F. R. ENGINE (REFERENCE 6) 



Fuel 


Compres- 
sion, ratio 


Pressure 
Pi (In. Hg 
• abs.) 


RPi 
10 


100 octane number fuel 


6.5 


45.7 


29.7 


7.0 


11.0 


28.7 




7.5 


37.7 


2a 4 




8.0 


34.6 


27.7 


90 octane number fuel 


6.0 


4L8 


27.1 


6.5 


37.0 


24.1 




7.0 


32.3 


22.9 




7.5 


29. a 


22.5 



engines of larger bore, the data for which are given in 
tables II to V, the effect of the increased temperature 
caused by increasing the compression ratio is small or is 
offset by some other factor; whereas, in the smaller 
engine, the effect of the increased temperature caused 
by increasing the compression ratio is appreciable. 
Since the present report is limited to cylinder sizes 
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Curve | fuel _ 

/ 85 percent iso- octane 



2 
■3 
4 

5 



30 I ' 
35 -f-'-t— 

Iso-octane 
Iso-octane + I.Oml of _ 
tefraethyl lead 
Iso-octane + I.Oml of 
. tetraethyl lead with 
improved cooling in cen- 
ter of cylinder head 



Knock _ 
Audible 



Incipient 




120 



ISO 200 240 280 

Inlet- air temperature, *F. 



Figcbe i.— Effect of Inlet-ali temperature on maitmum permissible density factor 
f for a series of fuel blends. Flat-disk combustion chamber; engine-speed, 2,500 
r. p. m.; fuel-air ratio, 0.081. 

suitable for aircraft engines of high power output, the 
assumption will be made that the maximum permissible 
value of RPi/Ti is a constant regardless of compression 
ratio. It is emphasized, however, that more experi- 
mental data are necessary fully to justify this assump- 
tion. In either case, the principles upon which the 
analysis is based are equally applicable, the point at 



issue being whether the inlet-air temperature can be 
taken as the abscissa of the rating curve or whether 
some other temperature in the cycle, such as the esti- 
mated end-gas temperature, must be used. 

As is to be expected, the curves in figures 3 and 5 are 
similar on account of the similarity of the fuels. The 
curves bring out clearly the limits at which each fuel 
can be operated and the temperature susceptibility of 
the fuels. The curves present the knocking character- 
istics of the fuels in a more satisfactory manner than 
could be done by any single value. For instance, the 
data indicate that the leaded fuel should be capable of 
operation at a compression ratio of about 12, provided 
that the inlet-air temperature does not exceed 120° F. 
and the inlet-air pressure does not exceed 30 inches of 
mercury absolute. 




IZO 



160 200 240 280 

Inlet- air temperature, °F. 



320 



Fiocbe 5.— Effect of Inlet-air temperature on maximum permissible density factor 
for a series of fuel blends. Pent-roof combustion chamber; engine speed, 2,500 
r. p. m.; fuel-air ratio, 0.078; incipient knock. 

As has been previously stated, the rating curve could 
have been obtained from the peak combustion pressures 
rather than the compression ratio. In table VII the 
values for the 95 percent iso-octane used under the 
conditions listed in table IV are given. From these 
data, the values of Kp t and T t are computed from 
equations (1) and (2). The value of 7 is estimated 
to be 1.29 for the compression of the unburned mix- 
ture. This value is based on experimental investiga- 
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tions of cycle efficiencies. The results are shown in 
figure 6. Because of the difficulty of accurately 
measuring the peak pressures, it is not to be expected 
that the results will show the same, uniformity as is 
the case with the data, in figure. .5. The data, neverthe- 
less, show a definite relation between _±he estimated 
peak temperature and the estimated peak density for 
the condition of incipient knock regardless of the 
engine conditions used to obtain the knock. 

The values in the last column of table VII are the 
values of peak pressures estimated from the curve in 
figure 6; that is, they are the peak pressures that give 
values of p 8 and T 3 which will he on the curve of figure 6. 
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Fiotjbx 6. — Bating curve determined Irom peak pressure, inlet-air pressure, and Inlet- 
air temperature. Fuel, 95 percent iso-octane; y, 1.29. (See table VTI.) 

TABLE VII 

EFFECT OF INLET-AIB TEMPERATURE AND INLET-AIR PSE8 

SURE ON MAXIMUM PERMISSIBLE PEAK PRESSURE 
[Engine speed, 2,500 r. p. m.; fuel, 95 percent iso-octane; knock, incipient; pent-roof 
combustion chamber] 



Oon-pres- 
slon ratio 


TifF. 
a us.) 


Pi (In Hg 
abs.) 


Pj (lb. per sy. in.) 


Recorded 


Estimated 
from fig. 6 


0.50 


584 


37.9 


720 


710 




522 


87.8 


720 


680 




609 


38.4 


650 


640 




717 


36.6 


600 


590 




757 


33.2 


530 


530 . 


7.25 


584 


34.2 


700 


700 




625 


33.8 


630 


670 




871 


33.1 


600 


620 




714 


31.2 


590 


. 670 




701 


30.8 


600 


510 


8.00 


583 


32.2 


675 


700 




621 


SL0 


500 


660 




675 


3L1 


590 


610 



EFFECT OF JACKET OR COOLANT TEMPERATURE 

Tests of fuels in which the coolant temperature 
(T c ) is varied should be capable of similar analysis 



provided that the coolant temperature is used in place 
of the inlefcair temperature. It is probable that 
cylinder-wall temperature is of more significance than 
coolant temperature. Figure 7 shows results com- 
puted from data obtained by Edgar with different 
benzene blends (reference 7), using the coolant tem- 
perature. In these tests, the inlet-air temperature and 
pressure were maintained constant, and the coolant 
temperature and the compression ratio were varied. 
The data indicate that the effect on the maximum 
permissible density factor of the coolant temperature 
is of _ the same order of magnitude as the effect of 
inlet-air temperature. 




200 



240 280 3S0 360 
Coolanf temperature, °T. 



400 



Fiqubs 7.— Effect of coolant temperature on maximum permissible density factor 
(data from reference 7). O. J. R. engine at 600 r. p. m.; inlet-air pressure, atmos- 
pheric; 30 inches Hg assumed. Inlet-air temperature varied from 68° to 78° F. ' 4 

VARIATION OF KNOCKING CHARACTERISTICS OF DIFFERENT 
FUELS 

Kurtz (reference 8) has presented data on the maxi- 
mum permissible inlet pressure as a function of charge 
temperature on a single-cylinder test engine at a com- 
pression ratio of 6. His results for three fuels have 
been replotted in figure 8. The data can be satisfac- 
torily represented by straight lines. The curves show 
that, at a temperature of 100° F., xylol and the blended 
fuel have the same rating; whereas, at 300° F., the 
blended fuel and "iso-octane 95" have the same rating. 
The curves illustrate the different slopes that may 
occur with different fuels, as suggested in figure 1 . 

A lather extensive series of tests has recently been 
completed by Heron and Gillig (reference 9) in which 
the maximum permissible inlet-air pressure was deter- 
mined for different fuel blends and chemical com- 
pounds at two engine coolant temperatures and two 
engine speeds. These data are made particularly sig- 
nificant by the fact that Heron and Gillig carefully dis- 
tinguish between knock and preignition or afterignition. 
Figure 9 shows, their results for mixtures of C. F. R. 
S~-l reference fuel and C. F. R. M-l reference fuel. 
The octane numbers of these blends (C. F, It. method) 
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are •within one octane number of the corresponding 
blends presented in tables II to IV. Because only two 
points are given, the curves are drawn as straight lines. 
In each case the maximum permissible inlet-air pressure 
was limited by knock. 
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Figure 8.— Effect of temperature of charge on maximum permissible density factor 
for three different fuels (data from reference 8). 
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till 
VS-S+lml tetraefhyl lead 
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83 - 5-1+17- M-l 
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300 350 
Coolant temperature, °F 
Figure fl.— Effect of coolant temperature on maximum permissible density factor 
(data from reference 8). C. F. H. engine; compression ratio, 6.fi; Inlet-air tempera- 
ture, 80°-B»° F. 



Figure 10 shows the wide divergence that may be 
expected for performance of different fuels under a 
variety of engine conditions. The factor that, was the 
cause of limiting the ma ximum permissible inlet-air 
pressure is indicated for each fuel. Toluene and ben- 
zene have curves that are somewhat similar, as might be 
expected. Iso-octane and di-isopropyl ether have 
curves which are even more similar but which bear no 
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Df-lsobufylene 



Commercial Iso - octane (S-l) 
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Coolant temperature, "F. 
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Fiouse 10.— Effect of ooolant temperature on maximum permissible density factor 
for various chemical compounds (data from reference 8). C. F. B. engine; compres- 
sion ratio, 5.5; Inlet-air temperature, SC-SS" F. j 

relation to those for benzene and toluene, benzene and 
toluene showing a much greater degree of temperature 
variation. At 1,800 r. p. m. and at the lower coolant 
temperature, benzene and toluene are superior to any 
of the others listed, but they are inferior to either iso- 
octane or di-isopropyl ether at the higher temperature. 
The fuels that were subject to preignition or afterigni- 
tion showed much more dependency on the coolant 
temperature than did those that knocked. This fact 
is in agreement with the analysis presented in the first 
part of this discussion. The differences between the 
curves for the two speeds will be discussed later. 
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EFFECT OF FUEL- AIR RATIO 

The effect of fuel-air ratio on the knocking charac- 
teristics of a fuel depends both on the changes in the 
chemical mixture and the changes in the temperature 
of the charge just before knock or secondary ignition. 
Boerlage (reference 6) has shown the maximum per- 
missible inlet-air pressure as a function of fuel-air ratio 
(fig. 11). In these tests, the maximum permissible 
inlet-air pressure was a minimum at the. mixture. ratio, 
corresponding to the maximum cylinder temperature 
and exhaust-gas temperature. These maximum tem- 
peratures occurred at a mixture ratio near the chem- 
ically correct value. 
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Floras II.— Relation between mlxtuie ratio and maximum permissible Inlet-etr 
pressure and m. e. p. and between mixture ratio and cylinder- and exhaust-gas 
temperature (ourves from reference 6). 

MacClain and Buck (reference 10) have shown that, 
for constant power, the cylinder temperatures reach a 
maximum and then decrease as the mixture is leaned 
and the manifold pressure is increased to maintain the 
specified power. This fact, in conjunction with Boer- 
lage's data (fig. 11), which show that for a constant 
degree of knock the increase in maximum permissible 
inlet-air pressure permits an appreciable increase in 
power with the lean mixtures, indicates that an increas- 
ing amount of interest should be shown in the operation 
of aircraft engines at mixtures leaner than the chem- 
ically correct mixture. 

Figure 12 shows the effect of fuel-air ratio on the 
maximum permissible density factor and on the specific 
fuel consumption for the pent-roof combustion cham- 



ber, for which other data have already been given in 
table IY. The fuel-air ratio for the data in table IV 
(0.078) was the ratio giving maximum knock. The 
curves in figure 12 show that this ratio has the lowest 
permissible maximum density factor. When the curves 
are cross-plotted, as in figure 13, it is seen that, from a 
fuel-air ratio of 0.080 to one of 0.140, each increase of 
0.02 in. the ratio permits the same increase in the 
density factor as a decrease of 40° F. in the inlet-air 




JO .12 
Fuel- air ratio 

Fiotoe 1Z— Effect of fuel-air ratio on maximum permissible density factor and 
specific fuel consumption. Pent-roof combustion ohamber; engine speed, 2,500 
r. p. m.; 85 percent Iso-octane; compression ratio, 6.5; Incipient knock. 

temperature. Tests of additional fuels are necessary 
to obtain a general conclusion relative to the numerical 
effects of fuel-air ratio. Within the range of fuels used 
in aircraft, this effect may be independent of the fuel. 

In figure 11 it is shown that, even though the maxi- 
mum permissible power increases at fuel-air ratios 
richer or leaner than the correct, the measured engine 
temperatures decreased. This fact indicates that the 
cooling effects of the excess fuel or the excess air more 
than compensated for the increased rate of heat trans- 
fer resulting from the increased density of charge ac- 
companying the higher inlet-air pressures. Further 
information on the actual end-gas temperatures and 
densities for the condition of incipient knock is given 
in figure 14, in which values of Kp t and of T 3 obtained 
from figure 12 and equations (la) and (2a) are given. 
Figure 14 shows that the maximum permissible end- 
gas density at any given end-gas temperature decreases 
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as the fuel-air ratio is increased. This effect is to be 
expected from researches on combustion. Peletier, for 
example, has shown in reference 11 that the highest 
permissible compression ratio without auto-ignition 
decreased from 9 at a fuel-air ratio of about 0.020 to a 
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/SO 2O0 240 280 
tn/et-a/r temperature, *F. 
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Figubz 13.— Effect of inlet-air temperature on Tnartmmn permissible Inlet density 
factor at a series of f uel-alr ratios. Pent-roof combustion chamber; engine speed, 
2,500 r. p. m.; 85 percent iso-octane; compression ratio, 9.S; Incipient knock. 

minimum of 6 at a fuel-air ratio of about 0.11. The 
data in figures 13 and 14 show that, for equal end-gas 
temperatures and densities, knock increases as the 
mixture becomes richer but that, in the engine, the 
cooling effects of excess air or of excess fuel are suffi- 
ciently great so that higher inlet-air densities can be 
used as the mixture ratio is either increased or decreased 
from the approximately chemically correct mixture. 

In the determination of the curves in figure 14, it was 
necessary to express the variation of H as a function 
of fuel-air ratio since H appears both in equation (la) 
and in equation (2a). It was assumed that the value 
of H was expressed by 



E com X 18000 Xmass of fuel 



mass of fuel+mass of air 
E eom X 18000 XF 



1+F 



(3) 



in which F is the fuel-air ratio. Values of E com) the 
combustion efficiency, were obtained from the test 
data given by Gerrish and Voss in reference 12. 

EFFECT OF HUMIDITY 

Humidity of the inlet air has two effects on the com- 
bustion: It changes the chemical constituents of the 
mixture, and it introduces a heat absorbent in the form 
of water vapor. In the N. A. C. A. tests already 
presented, although no attempt was made to keep the 
humidity constant, the indications are that the effect 
of humidity is small. There is a great deal of data 
available on the effect of humidity on knock rating of 

209142—40 19 



fuels by octane number, but most of these data are 
difficult to place on an absolute basis such as described 
in this report. 

Stansfield and Thole (reference 13) have presented 
the results of tests in which they determined the effect 
of humidity on the highest useful compression ratio for 
a series of fuels. They state that. the effect of humidity 
up to saturation at 65° F. is unimportant and that, if 
the proportion of water vapor is greater, a correction is 

l.5r 
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Fiocbz 14.— Effect of end-gas temperature on ""fa™ permissible end-gas density 
Cor incipient knock for a series of fuel-air ratios. Pent-roof combustion chamber; 
engine speed, 2,500 r. p. m.; S3 percent iso-octane; compression ratio, 8.6. 

necessary for certain fuels when results of a high order 
of accuracy are required. They also found that water 
vapor up to 50 percent of the fuel weight raised the 
highest useful compression ratio by 0.55. Computa- 
tions indicate that this quantity of water vapor de- 
creases the compression temperature 40° F. This 
decrease in compression temperature corresponds to a 
decrease of about 15° F. in the temperature at the start 
of compression. At 100° F. and 29.92 inches of mer- 
cury absolute pressure, the water-air ratio for satura- 
tion is 0.048. Since water vapor absorbs heat, it is to 
be expected that the knocking fuels which show the 
greatest temperature variation will show the greatest 
increase in ma ximum permissible density factor for a 
given amount of water vapor or for a given amount of 
water introduced into the fuel-air mixture. If the 
presence of the water vapor has any chemical effect 
on the combustion, it must be determined by test. 
There are at present, however, no indications that such 
chemical effects exist within the range of fuels or engine 
conditions used in operation. 
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EFFECT OF EXHAUST-GAS DILUTION 

Exhaust-gas dilution generally increases the tempera- 
ture of the mixture to a degree depending on the per- 
centage of exhaust gases remaining in the cylinder 
following the scavenging stroke. Computations indicate 
that doubling the percentage of exhaust gas remaining 
in the cylinder over that normally experienced at full 
throttle increases the temperature at the beginning of 
compression 60° F. and at the end of compression 100° 
F. In a throttled engine, the exhaust-gas dilution may 
be increased to a sufficient amount to affect also the. 
maximum permissible density factor on the basis of 
decreasing the fuel-gas ratio. 

Some interesting data on the effect of exhaust-gas 
dilution are presented by Tizard in reference 14. These 
data show that, when a test engine was throttled, the 
maximum permissible density factor based on the fresh 
charge inducted was decreased from 0.49 to 0.26 for a 
decrease in initial charge from 1.00 to 0.54. Introducing 
the exhaust gas with the mcorning air and at the same 
temperature as the air permitted the maximum per- 
missible density factor, based on the fuel-air mixture 
inducted, to be increased from 0.49 to 0.62 for an addi- 
tion of from 0 to 15 percent exhaust gas in the mixture. 
The data show that the effect of the exhaust gas itself 
is to increase the maximum permissible density factor 
probably in the same manner that the water vapor 
increases this factor by acting as a heat absorbent. 
In throttling, however, this density effect is more than 
offset by the increased resultant temperature of the 
gases. In actual service engines, it is doubtful if the 
effect of exhaust gas need be considered unless com- 
parison is_being made with an engine that is completely 
scavenged or one using a turbosupercharger for boosting 
at sea level. The results of the.N. A. C. A. tests pre- 
sented in this report gave satisfactory knock-rating 
curves even though the percentage of exhaust-gas 
content varied by about 2:1. 

EFFECT OF ENGINE SPEED 

The effect of engine speed is twofold. Increasing the 
speed decreases the time interval for heat exchange 
between the inducted, charge and the walls of the 
cylinder and the combustion chamber and decreases 
the induction time preceding ignition by the electric 
spark during which precombustion reactions may take 
place within the fuel-air charge. The difference in 
time interval for heat transfer to the charge changes 
not only the temperature of the charge but also the 
density at any given inlet-air temperature and density. 

Data obtained by Heron and Gillig (reference 9) 
show that, with the C. F. R. engine used by them at 
any given inlet-air pressure, the indicated mean effective 
pressure at a coolant , temperature of 212° F. did not 
change for an increase of speed from 900 to 1,800 r. p. m. 
When the coolant temperature was increased to 350° 
F., the indicated mean effective pressure at 900 r. p. m. 



decreased 15 percent- and, at 1,800 r. p. m., decreased 
only 6 percent. In these tests the spark advance was 
30° B. T. C. 

Figure 15 shows the data from reference 9 for the 
two engine speeds; again straight lines have been drawn 
connecting the two points for each fuel. The most 
interesting fact obtained from figure 15 is that, with 
the exception of S-l plus tetraethyl lead (which after- 
ignited), the fuels which knocked appreciated with 
engine speed and the fuels which preignited or after- 
ignited depreciated with engine speed. This fact again 
indicates that secondary ignition is a different phe- 
nomenon from knock and must be so recognized. 
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Figure 15.— Effect of engine speed on maximum permissible density factor lor varloui 
chemical compounds (data from reference 9). 0. F. R. engine; compression ratio, 
5.6; inlet-air temperature, 80°-95° P. 

The cause of the depreciation with , speed of the 
secondary igniting fuels may be chemical, and the 
explanation may be that decreasing the induction 
period for precombustion reactions favors the forma- 
tion of certain compounds which lead to secondary 
ignition. A more likely explanation is that, since 
increasing the speed increases the total heat flow 
through the cylinder walls, it increases the tempera- 
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ture of any hot spot to a greater extent than it increases 
the temperature of the rest of the walls. 

The fact that the knocking fuels appreciated with 
engine speed may be the result of the increased rate of 
burning at the higher speed or it may be a temperature 
spark effect. The true effect of speed on knock should 
be determined by the use of the optimum spark ad- 
vance at each speed tested. In this manner, the 
effect of engine speed together with the effect of heat 
transfer during the induction and the compression 
strokes will be determined. The speed and the heat- 
transfer effects should be partly separated by main- 
taining the cylinder-wall temperature constant and by 
measuring the mass of air inducted at each inlet-air 
temperature rather than the inlet-air pressure. 

Heron and Gillig in subsequent tests (unpublished) 
found that using a sodium-cooled piston permitted the 
boost pressure to be increased 32 percent with benzene 
but only 3 percent with S-l fuel. They also found that, 
with this piston and a coolant temperature of 350° F. 
at an engine speed of 1,800 r. p. m. and inlet-air tem- 
peratures of 100° and 212° F., benzene permitted a 
boost 6 percent higher than that permitted by S-l, and 
that benzene (which was limited by preignition or after- 
ignition) was very sensitive to spark-plug condition 
whereas S-l was not. These data indicate that knock- 
ing fuels are inherently less sensitive than preigniting 
fuels to the uniformity of engine temperature. 

EFFECT OF SPABK ADVANCE 

Varying the spark advance has the effect of varying 
the temperature and the density at the time of knock. 
Therefore varying the spark advance has much the 
same effect as varying the compression ratio. It is to 
be expected that all fuels will not react the same to 
changes in spark advance because of the variation in 
the temperature-density relationship of the different 
fuels. 

The effect of varying the compression ratio on the 
knock rating of the fuel in an engine has been shown to 
be an effect chiefly of changing the gas density. As 
the compression ratio is increased above the maximum 
permissible value for any inlet-air condition, retarding 
the spark to prevent knock should decrease the effective 
compression ratio to the value that was found to be 
permissible. The same idea can be expressed in a 
different manner by saying that, for any given condi- 
tion of inlet-air temperature and pressure, the maxi- 
mum permissible power output should be independent 
of compression ratio provided that the ignition spark is 
sufficiently retarded to prevent knock and the spark 
advance is equal to or less than the value required for 
optimum advance. That this fact is approximately 
true is shown in figure 16 from tests reported by Gardi- 
ner and Whedon (reference 15). In this figure the 
broken curve shows the effect of compression ratio on 
the indicated mean effective pressure of the engine 



tested for a non knocking fuel and a constant spark ad- 
vance. The solid curves are for the same engine oper- 
ating on a gasoline that knocked at a compression ratio 
of 4.7. As the compression ratio was increased above 
this value and the spark retarded so that the knock 
was maintained at a constant level, the indicated mean 
effective pressure remained practically constant. 

Data showing the permissible increase in inlet-air 
pressure with a retarded spark (reference 16) are shown 
in figure 17. The optimum spark advance in this case 
was 29°. The data represent an effective decrease in 
the compression ratio caused by the retarded spark 
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Fiqube 18.— Eelationsnlp between compression ratio and engine performanca with 
spark advance adjustedfora constant degree of knock (curves from reference 15). 



with the accompanying increase in the permissible boost 
pressure. 

EFFECT OF ENGINE DESIGN 

The effect of engine design (such as combustion- 
chamber shape, turbulence, spark-plug position, bore- 
stroke ratio, cooling medium, effectiveness of the cool- 
ing, and size) has many ramifications. Probably the 
more important effects to be considered are the time 
required for completion of combustion, the surface- 
volume ratio of the combustion chamber, and the uni- 
formity of the cooling of the walls of the cylinder and 
the combustion chamber. 

The surface-volume ratio is important from consider- 
ations of the cooling of the gases during the induction 
and combustion periods. This ratio will probably not 
in itself affect fuels that preignite, uniform coo ling of 
the combustion chamber being assumed, and will prob- 
ably affect knocking fuels. As the ratio is increased, the 
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heat flow between the gases and the metal walls is in- 
creased, which, in turn, affects the end-gas temperatures 
and consequently the maximum permissible density 
factor. 

Decreasing the engine size will tend to increase the 
charge temperature if the wall is at a lugher tempera- 
ture than the incoming charge and to decrease the 
chargejemperature if the wall is at a lower temperature 
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Fiouek 17— Effect of spark advance on maximum permissible Inlet-air pressure and 
on maximum permissible i. m. e. p. (data from reference 16). Engine speed 2,600 
r.p.m ;Iso-oetane+mltetra6tbrllead; compression ratio, 8.0; Inlet-air temperature, 
200° F. 

than that of the mcoming charge. With preigniting or 
afterigniting fuels, it is probable that changing the 
engine dimensions will not have much effect other than 
that produced by the temperature change. Additional 
experimental evidence is necessary on this point. 

Hawley and Bartholomew have presented data on 
the effect of bore and stroke on highest useful compres- 
sion ratio (reference 17). Their data show this ratio 
to decrease as either the bore or the stroke is increased 
but the rate of decrease to become leas at the larger 
bores. . _ . 

The uniformity of the cooling of the combustion- 
chamber walls and the occurrence of hot spots within 
the combustion chamber are particularly important in 
that hot spots may cause a fuel to preignite at a lower 
value of the charge density factor than would have 
been the case had the fuel been limited by knock. 



This action occurred in the N. A. C. A. tests, the results 
of which have already been presented in table II. 
Aircraft engines probably show considerable varia- 
tion from any single standard because of variations 
in method and uniformity of cooling. Hot spots pro- 
duced by exhaust valves and by spark plugs vary con- 
siderably between engines. The uniformity of the 
cooling of the cylinder head depends on both the cooling 
medium and the efficiency with which the medium is 
brought into contact with the metal of tho cylinder and 
the cylinder head. A comparison of the rating curves 
in figures 4 and 5 gives additional information on tho 
effects of engine design. The relationship of these two 
seta of data will be discussed in more detail in the sec- 
tion on correlation of data. 

Turbulence or air flow in the combustion chamber is 
known to affect knock, but the manner in which its 
effect is produced is not known and must be the subject 
of further investigation. 

From the foregoing analyses, it is evident that a 
single curve expresses the lcnocking characteristics of a 
fuel in any one engine for a large range of engine operat- 
ing conditions. For a given engine, this curve can be 
obtained from a series of runs at one compression ratio 
and various inlet-air pressures and temperatures or 
from a series of runs at-one inlet-air pressure and a 
series ol compression ratios and inlet-air temperatures. 
In either case, the results represent a wide range of tho 
three variables. . Once the rating curve of the fuel has 
been determined, the next problem is to estimate the 
maximum permissible performance of the engine with 
this fuel under different operating conditions. 

H— DETERMINATION OF MAXIMUM PERMISSIBLE 
ENGINE PERFORMANCE 

The maximum permissible performance obtainable 
from any engine using a given fuel depends on tho 
service in which the engine is to be used. The require- 
ments for a long-range flying boat are different from 
those of a transport airplane flying comparatively short- 
distances. The two factors that are probably of most 
interest in this respect are maximum permissible indi- 
cated mean effective pressure and minimum permissible 
fuel consumption. Peak pressures are of interest from 
considerations of engine reliability. Those three fac- 
tors are all dependent on the compression ratio of the 
engine once the maximum permissible density factor is 
obtained. 

In the succeeding analysis, the dependency of the 
factors will be presented as a function of compression 
ratio for conditions of intercooling (constant inlet-air 
temperature) and of no or partial intercooling between 
the supercharger and the engine cylinders (variable 
inlet-air temperature). 
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CONSTANT INLET-AIR TEMPERATURE 

The indicated mean effective pressure lor a constant 
fuel-air ratio varies directly as the inlet-air density 
and the cycle efficiency: 



i. m. e. p.ccpiX.E'c 



(4) 



in which pi is the inlet-air density and E e is the cycle 
efficiency. The inlet-air density is proportional to 
Pi/Ti. The relationship between BB-^T-i. at & constant 
compression ratio and the indicated mean effective 
pressure is given in figure 18. These data are for the 
conditions listed in table IV at a compression ratio of 
6.50. It is seen that assuming i. m. e. p.ocpiocP^Ti 
introduces a deviation of about ±3 percent. The data 
presented in the previous section indicate that, for any 
given fuel and for a constant inlet-air temperature, the 
product of the inlet-air density times the compression 
ratio must not exceed a certain constant in order to 
prevent knock, the value of the constant being depend- 
ent on the particular engine. The maximum permis- 
sible inlet-air density for any given compression ratio 
is therefore expressed by: 

R Pl =K (5) 

The value of the constant K at any specified inlet-air 
temperature is determined by the rating curve of the 
fuel under consideration. Multiplying the right-hand 
side of proportionality (4) by B/B and eliminating the 
constant Bp u it is seen that 



i. m. e. p. 0(1 



(6) 



Therefore, for a given fuel at a given inlet-air tempera- 
ture, the maximum permissible indicated mean effec- 
tive pressure varies directly as the cycle efficiency and 
inversely as the compression ratio. Values of E c can 
be determined by computation, taking into account the 
variation of the specific heats of the gases with temper- 
ature and considering the effect of the residual gases. 
Such computations give the values listed in table VIII 
for the cycle efficiencies and for the indicated specific 
fuel consumption in pounds of fuel per indicated horse- 
power-hour. 

TABLE VIH 

ESTIMATED CYCLE EFFICIENCIES AND SPECIFIC FUEL 
CONSUMPTION 



Compres- 
sion ratio 


Cycle efficiency 


Specific fuel 
consumption 
Ob./L hp.-hr.) 


i 


0.341 


0.40S 


e 


.415 


.830 


s 


.*67 


.293 


10 


.600 


.278 


12 


.528 


.263 



It must be remembered that the values of the cycle 
efficiencies and the fuel consumptions listed in table 
VIII do not consider the heat losses during the com- 
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Fuel 

o 85 percent iso-octone 
x 30 \" I 
+ 35 !» | 

v Iso- octane 

□ fso-octane 

+1.0 ml tetraethyl lead 




140 



/.m. e.p. oc R — 



180 azo 

i.m.e.p., Ib./sq.h. 



260 



300 



Fiqcee 18.— Relationship between indicated mean effective pressure and density 
factor. Pent-roof combustion chamber! engine speed, 2,500 r. p. m.; fuel-air ratio, 
0478; compression ratio, 6.6; incipient knock; coolant tempera tnre,[260° F. 

bustion cycle; consequently, the indicated fuel con- 
sumptions obtained on an engine are in excess of the 
values listed. The values are satisfactory for a com- 
parison. From table VIII and expressions (6) and (5), 
factors proportional to the maximum permissible indi- 
cated mean effective pressure and the maximum 
permissible boost pressure can be obtained for any 
inlet-air temperature. 

The maximum permissible peak pressure at any 
given inlet-air temperature can be estimated from the 
thermodynamic equation: 



(7) 



As has already been shown, for any constant inlet-air 
temperature, PJt must be a constant. Equation (7) 
can then be written as the following proportionality: 



(8) 



Assuming a value of 18,000 B. t. u. per pound of fuel, 
580° P. absolute for 1 U 0.25 B. t. u. per pound per 
degree Fahrenheit for c t , and a fuel-air ratio of 0.069, 
the proportionality becomes: 



.PsodF^-'-f-S.O 



(9) 
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These relationships, assuming a value of 1.29 for y 
in expression (9), are shown graphically in figure 19. 
The values for the. indicated mean effective pressure 
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Fiqube 19.— Effect of compression ratio on maximum permissible performance 

factors. 

factor and the peak pressure factor have been multiplied 
by suitable constants so that the same ordinate scale 
can be used for all the curves. These curves express 
the relationship between the maximum permissible 
indicated mean effective pressure, the lowest permissible 
indicated specific fuel consumption, and the peak 
pressure for any one fuel at any one inlet-air temperature 
for a series of compression ratios. The curve for the 
necessary inlet-air pressure for the maximum permissible 
indicated mean effective pressure factor is also given 
and is proportional to the reciprocal of the compression 
ratio. It is emphasized again that these curves repre- 
sent any fuel at any given inlet-air temperature. The 
results for any two fuels have the same relation as the 
respective values of RPJTi for the 'assumed inlet-air 
temperature. Curve 5 shows that the estimated 
maximum permissible peak pressure increases slightly 
with compression ratio, whereas the data in table VTI 
show that the peak pressures decrease slightly. 

VARIABLE INLET-AIR TEMPERATURE 

For an engine in which the mixture is not cooled to 
atmospheric temperature after passing through the 
supercharger, the effects of the heating of the air during 
the compression in the supercharger must be taken into 
account. In the discussion of the previous section in 
which a constant inlet-air temperature was assumed, it 



was also assumed that the variation in compression 
temperature because of the change in compression ratio 
was negligible. Although , this assumption is justified 
by the data already presented, it is doubtful that it can 
also be applied to the compression in the supercharger. 

An exponent of 1.4 for the compression of the air in 
the supercharger and an initial air temperature of 
120° F. being assumed, the values listed in table IX 
are obtained for the supercharger compression ratio R, 
and for T u over a range of Pi from 30 to 58 inches of 
mercury absolute. In the fourth column are tabulated 
the values of RPijTi for iso-octane, these values having 
been obtained from column 3 in table IX and figure 4. 
The fifth column lists the maximum permissible com- 
pression ratio for the tabulated inlet-air pressures. It 
is emphasized that whereas, for a constant inlet-air 
temperature, curves varying only in the proportionality 
constant can be drawn which are applicable to any fuel, 
for a variable inlet-air temperature each set of data 
applies to only one fuel. 

Without the intercooler between the supercharger and 
the cylinders, the indicated mean effective pressure is 
no longer proportional to the inlet-air pressure Pi be- 
cause of the heating that has taken place within the 
supercharger. Instead, the indicated mean effective 
pressure for a constant inlet-air temperature and pres- 
sure to the supercharger is proportional to the super- 
charger compression ratio R, and, as before, to the 
cycle efficiency as expressed by the relationship: 

i. m. e. p.ocfi.XS. (10) 

The values of R, are obtained from the second column 
in table IX, and the values of E„ from the compression 
ratios listed in column 5 and the corresponding values 
of E e obtained from the tabulated cycle efficiencies 
already given. The indicated mean effective pressure 
factors, are given in column 7 and are again a propor- 
tionality factor. 

TABLE IX 

ESTIMATION OF MAXIMUM PERMISSIBLE I. M. E. P. FACTOR 
FOR ISO-OCTANE FROM FUEL-RATING CURVE IN FIGURE 4 
[Inlet-air temporature, 120° F.; audible knock; flat-disk combustion chamber; no 

intercooler] 



I 


2 


s 


4 


6 


6 


7 


8 


Inlet-air 
pressure, 
-Pitta. 
Hg abs.) 


Super- 
charger 
com- 
pres- 
sion 
ratio, J?. 


abs.) 


RPilTi 
Cflg.4) 


Engine 
com- 
pres- 
sion 

ratio, B 


E. 


S.XE. 


C7)X 
OJ73/0.4SO 


30 
84 

as ~ 

42 
46 
60 
M 
68 


L00 
L 09 
LIS 
1.27 
L85 
L44 
L42 
l.fiO 


GSO 
601 
819 
640 
65S 
672 
687 
700 


0.4SJ 
.436 
.416 
.392 
.370 
.366 
.340 
.326 


8.80 
7.70 
6.77 
6.97 
6.29 
4.78 
4.33 
3.92 


0.480 
.466 
.436 
.413 
.392 
.872 
.366 
.838 


0.4S0 
.504 
.114 
.624 
.630 
.830 
.640 
.610 


1271 
.287 
.292 
.298 
.301 
.306 
.307 
.307 



These values can be compared with those presented 
in figure 19 for the condition of constant inlet-air tem- 
perature by using a corresponding set of conditions, 
that is, the condition of no boost. In the second series 
of data, the compression ratio for no boost is 8.80, and 
the indicated mean effective pressure factor is 0.480. 
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For the condition of constant inlet-air temperature, the 
indicated mean effective pressure factor at a compres- 
sion ratio of 8.80 is 0.273. Consequently, in order to 
compare the values from the foregoing proportionality 
factor with the indicated mean effective pressure factors 
for constant inlet-air temperature, the term B,XE e 
must be multiplied by 0.273/0.480 as given in column 8. 

In figure 20 is shown the effect of compression ratio 
on the maximum, permissible indicated mean effective 
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Fiqubi 20.— Effect of various degrees of mtercooling between supercharger and 
engine oyllnders on maximum permissible I. m. e. p. actor. Bo-octane; audible 
knock. 

pressure factor for various degrees of intercooling be- 
tween the supercharger and the engine cylinders. The 
compression exponent indicated for each curve ex- 
presses the degree of intercooling. For an exponent of 
7=1.0, the curve is the same as that shown in figure 19, 
in which it was assumed that the air entered the engine 
at a constant temperature, 120° F. The curves for the 
exponents of 1.2 and 1.6 were obtained in the manner 
illustrated for the value of 1.4. The curves emphasize 
the gain in maximum power that can be obtained by 
installing an intercooler so that the air or charge enters 
the cylinders at a temperature close to or equal to that 
at which it enters the supercharger. With an exponent 
of 1.6, the maximum permissible indicated mean effec- 
tive pressure factor reaches a maximum at a compres- 
sion ratio of 6.3. Dicksee (reference 18) pointed out in 
1927 that, for any one fuel, one certain compression 
ratio would give the maximum permissible power pro- 
vided that the air or charge not be cooled after it left 
the supercharger. 

In the subsequent calculations presented in this re- 
port, it will be assumed that the value of y is 1.4 for the 
condition of no intercooling or partial intercooling be- 
tween the supercharger and the engine cylinders. 

MAXIMUM PERMISSIBLE ENGINE PERFORMANCE WITH 
DIFFERENT FUELS 

In figure 21 are compared the maximum permissible 
indicated mean effective pressure factors for three fuels 
with no intercooler between the supercharger and the 
cylinders. The corresponding inlet-air pressures are 
given in figure 22. The right-hand end of the indicated 
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Fiodbe 2L— Comparison of maximum permissible L m. e. p. factors at different 
compression ratios for three different fuels. No Intercooler Or, Lt) between super 
charger and engine cylinders. 
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FiauBE 22.— Comparison of ma-iimnm permissible inlet-air pressures at different 
compression ratios for three different fuels. No intercooler (t, 1.1] between super- 
charger and engine cylinders. 

mean effective pressure curves represents in each case 
the condition of 120° F. inlet-air temperature and 30 
inches of mercury inlet-air pressure. As the compres- 
sion ratio is decreased, the curves tend to approach 
each other in the same manner that the rating curves of 
the fuels approached each other as the temperature of 
the inlet air was increased (fig. 4). 

If it is assumed that a maximum boost pressure of 10 
inches of mercury can be obtained, the maximum per- 
formances possible with the three fuels are shown in the 
following table: 



Fuel 


Compres- 
sion ratio 


I. m. e. p. 
factor 


Specific 
fuel con- 
sumption 
factor 


Knock 


1 
2 
3 


8.8 
6.3 
6.2 


0.34 
.30 
.27 


a 29 
.33 
.30 


Incipient. 
Audible. 
Do. 
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Fuel 1 therefore represents a gain of 25 percent in 
maximum indicated mean effective pressure over fuel 
3 and a decrease of 22 percent in the specific fuel con- 
sumption. With fuel 1, the peak pressures for this 
performance would be 1.5 to 2 times those with fuel 3. 

CORRELATION OF RATING CURVES OBTAINED ON DIFFERENT 
ENGINES 

As was shown in table II, it is possible to get two 
different rating curves for one fuel on the same engine 
by eliminating hot spots. This variation should be 
attributed to the engine. The data in reference 6 
showed a greater temperature effect from variations 
in compression ratio than is shown by the N. A. C. A. 
data presented herein and by the data presented in 
references 3 and 5. The general trends shown in the 
previous figures should nevertheless be applicable to 
different engines. 

The data obtained at the N. A. C. A. laboratories on 
the flat-disk and the pent-roof combustion chambers 
installed on the 5- by 5%-inch engine permit a corre- 
lation to be made between the data for the two forms 
of combustion chamber. 

The rating curve for iso-octane at incipient knock in 
the pent-roof combustion chamber determined from 
the data in table III is shown in figure 23, together 
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Figure 23.— Comparison of rating curve for Iso-ootane with two different combustion 
chambers. Incipient knock. 

with the curve for the fiat-disk combustion chamber. 
The curves are approximately parallel, but that for the 
flat-disk combustion chamber is 0.050 RPi/Ti lower 
than that for the pent-roof combustion chamber. In 
table X are given the necessary computations to deter- 
mine the estimated indicated mean effective pressure 



curves from the two rating curves for the conditions 
listed. 

Column 7 of table X contains the indicated mean 
effective pressure factors for the two combustion 
chambers using the same fuel. In column 8 the indi- 
cated mean effective pressure factors for the flat-disk 
combustion chamber have been multiplied by 0.273-i- 
0.480 so that the factors can be directly compared with 
those previously given. These values have already 
been plotted in figure 21. The performance factors 
for the fuels, and not for the engines, can be compared 
by finding a factor by which to multiply the values in 
column 7 to correlate the values with those for the 
fiat-disk combustion chamber. At any one compres- 
sion ratio, the two heads should show the same factor 
for the one fuel. The disk combustion chamber has a 
factor ^f 0.262 at a compression ratio of 7.70. The 
compression-ratio column for the pent-roof combus- 
tion chamber shows a compression ratio of 7.69 with a 
factor of 0.502. Because these two values of compres- 
sion ratio are practically the same, the values in column 
7 for the pent-roof combustion chamber are multiplied 
by 0.262/0.502. The resulting indicated mean effec- 
tive pressure factors are given in column 8. The 
factors for the two combustion chambers are plotted 
in figure 24. The data show that a single curve repre- 
sents both combustion chambers (curve 2). 

TABLE x 

ESTIMATION OF MAXIMUM PERMISSIBLE L M. E. P. FACTOR FOR 
TWO DIFFERENT COMBUSTION CHAMBERS USING THE SAME 

[Fuel, Iso-octane; knock, incipient; inlet-air temperature to supercharger, 120° F.; 
no tntercooler] 



1 


2 


8 


4 


5 


6 


7 


8 


Pi (In. 
Hgabs.) 


R. 


Ti 
(°F. 
abs.) 


RPilT, 


R 


E, 


E.R. 


m F 


Flat-disk combustion chamber, 2,500 r. p. m. 
















F-0.273y0.480 


30 
34 
38 
43 
49 
60 
64 


1.00 
1.09 
1.18 
L27 
1.36 
1.44 
1.62 


680 
601 
619 
640 
668 
672 
687 


a 405 
.386 
.370 
.360 
.832 
.320 
.305 


7.70 
6.82 
6.03 
6.34 
4.76 
4.38 
8.88 


0.460 
.478 
.489 
.499 
.502 
.607 
.509 


0. 460 
.478 
.489 
.499 
.503 
.507 
.509 


0.202 
.272 
.278 
.284 
.289 
.288 
.289 


Pent-roof combustion chamber, 2,200 r. p. m. 
















F- 0.202/0.502 


30 
14 
88 
42 
46 
60 
84 
68 


1.00 
1.0S 
L 18 
L27 
1.38 
1.44 
1.62 
L60 


580 
601 
619 
640 
658 
672 
687 
700 


0.456 
.435 
.418 
.398 
.381 
.367 
.363 
.340 


8.80 
7.69 
6.81 
6.07 
6.45 
4.93 
4.49 
4.11 


a 480 
.491 
.438 
.416 
.308 
.378 
.362 
.318 


0.430 
.502 
.517 
.628 
.538 
.544 
.550 
.657 


0.251 
.292 
.270 
.276 
.281 
.284 
.287 
.289 



The curves presented in figure 24 do not indicate 
which form of combustion chamber permits the highest 
indicated mean effective pressure. Small changes in 
design, such as the elimination of the recesses in the 
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piston, used with the pent-roof chamber, might change 
the relationship of the curves in figure 23. The figures 
indicate that this method of estimating maximum per- 
missible performance permits a certain degree of cor- 
relation between different combustion-chamber forms, 
but that certain differences are dependent on the 
design. 
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Figube 24.— Effect of compression ratio on maTftnnm permissible I. m. e. p. factor for 
lso-octane for two different combustion chambers. No mtercookr between super- 
charger and engine cylinders. 

Curve 1 in figure 24 shows the correlated data for the 
flat-disk combustion chamber with iso-octane and the 
data obtained by Heron and Gillig from a C. F. R. 
engine using C. F. R. S-l fuel (unpublished data). 
The S-l fuel is practically identical with the fuel listed 
as iso-octane in the N. A. C. A. tests. Heron and Gillig 
found that, at a speed of 1,800 r. p. m. and a coolant 
temperature of 350° F., the C. F. R. S-l reference fuel 
permitted an inlet-air pressure of 49.7 inches of mer- 
cury at an imet-mixture temperature of 110° F. and an 
inlet-air pressure of 48.2 inches of mercury at an iidet- 



mixture temperature of 212° F. The correlation be- 
tween the C. F. R. engine and the N. A. C. A. 5- by 
5%-inch engine shows more variation than that for the 
two combustion chambers on the N. A. C. A. engine. 
Even so, the variation is only ±3 percent. Although 
more test data are needed, the curves indicate that 
satisfactory correlation between different engines can be 
obtained provided that the performance is limited by 
knock. 

Correlation, between two fuels used in two different 
types of combustion chamber can be obtained from tables 
H and IV. By the method used to obtain the previous 
figures, it can be shown that, for the pent-roof combus- 
tion chamber, the indicated mean effective pressure 
factors for the iso-octane, when multiplied by 0.500, lie 
on the same curve as the data for the flat-disk combus- 
tion chamber (fig. 25). In the correlation of data for 
more than one fuel, the same factor should be used for 
all fuels. The use of this same factor gives the curve 
indicated for the pent-roof combustion chamber with the 
iso-octane plus 1.0 ml of tetraethyl lead. The curve 
lies below the corresponding curve for the flat-disk 
chamber. The data show that the flat-disk combus- 
tion chamber permitted a greater percentage increase in 
performance than did the pent-roof chamber when 1.0 
ml of tetraethyl lead was added to the iso-octane. It 
is concluded from the curves that no method of fuel 
rating on a single engine will give results which are 
accurately applicable to all engines but that it is possible 
to make an estimation of the approximate gain permitted 
by the use of improved fuels which will indicate basic 
differences in the behavior of different engines with 
these fuels. It is emphasized that these curves do not 
show which combustion chamber gave the highest en- 
gine output but indicate only the proportional in- 
creases permitted by the two fuels. 
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MAXIMUM PERMISSIBLE ENGINE PERFORMANCE 

In the figures presented, it has been assumed that 
the engine is operated at a constant compression ratio. 
The data show that, in order to obtain maximum power 
for take-off and minimum fuel consumption for cruising, 
the engine should be operated at a variable compression 
ratio. The variation of the actual compression ratio 
of an engine leads to considerable mechanical complica- 
tion. The effective compression ratio can be varied, 
as shown in figures 16 and 17, by changing the spark 
advance. 

The most important fact to be learned from figures 
16 and 17 is that, by retarding the spark, the maximum 
permissible boost pressure can be considerably in- 
creased. Consequently, for the most efficient use of 
any fuel, the compression ratio should be the highest 
value permissible for the desired power output, and 
the inlet-air temperature should be the lowest com- 
patible with the volatility and freezing characteristics 
of the fuel. This condition, represents the lowest 
specific fuel consumption, and it has been shown that, 
with iso-octane plus 1.0 ml of tetraethyl lead, the 
compression ratio at atmosphereic inlet pressure is 
about 12. For maximum power in take-off, the spark 
can be retarded and the inlet-air pressure can be 
increased. If no or partial intercooling is provided, 
the optimum performance of the engine is represented 
by the data given in figures 20 and 21 . With a degree 
of intercooling represented by 7=1.4 and with iso- 
octane plus 1.0 ml of tetraethyl lead, the permissible 
power can be increased 19 percent by retarding the 
spark until the effective compression ratio is reduced 
from 10 to 6. 

Figure 19 shows that, with intercooling, the same 
decrease in effective compression ratio permits the 
maximum permissible power to be increased 38 percent. 
In neither of these cases has any change in speed been 
considered. The compression ratio of 10 results in a 
decrease of 17 percent in the specific fuel consumption 
factor from the consumption at a compression ratio of 6. 

The amount the spark can be retarded at high com- 
pression ratios will probably be hmited by preignition 
because, although the end-gas temperature and density 
can be maintained constant, the density and the 
temperature preceding ignition is increased at the late 
spark advances. 

Although these values may be overoptimistic, it is 
probable that, by the use of a high-compression-ratio 
engine and a retarded spark for take-off conditions, 
compression ratios higher than those used at present 
can be employed for cruising conditions and that the 
use of these compression ratios will result in a saving 
in fuel consumption. There seems to be no reason to 
believe that fuel consumptions of 0.35. pound per brake 
horsepower-hour should not be obtained with iso- 
octane fuel plus 1.0 ml or more of tetraethyl lead per 
gallon by operating the engine at a compression ratio 



of about 10 for cruising, by retarding the spark to a 
lower compression ratio, and by boosting to provide 
sufficient power for take-off, provided that an intercooler 
for the incoming mixture can be provided. 

Taylor, Ku, and Kennedy (reference 19) ran similar 
tests simulating altitude conditions and suggested 
varying the spark advance as an effective method of 
mamtaining critical altitude power down to sea level. 

Additional data on the foregoing method of engine 
operation are shown in table XI. In this test the 
engine was operated at the optimum spark advance at 
a compression ratio of 6.5 and the maximum per- 
missible inlet-air pressure was determined for an inlet 
temperature of 200° F. The compression ratio was 
then increased to 8.0 and the spark retarded until the 
engine could be operated at this same inlet-air pressure 
and temperature. The results show that engine data 
were nearly the same for both conditions of operation 
except that the exhaust temperatures were slightly 
lower _at the higher compression ratio. When the 
spark advance was set for the optimum value at the 
higher compression ratio, the maximum permissible 
indicated mean effective pressure was decreased to 173 
pounds per square inch but the specific fuel consump- 
tion was decreased to 0.445 pound per indicated 
horsepower hour. 

TABLE XI 

EFFECT OF SPARE ADVANCE ON MAXIMUM PERMISSIBLE INLET- 
■ AIR PRESSURE AT TWO COMPRESSION RATIOS 

{Engine speed, 2,500 r. p. m.; fuel, fco-octane+I.O ml of tetraethyl lead per gallon; 
lnlet-alr pressure, maximum without knocking; air-fuel ratio, 115 (maximum power) ; 
Inlet-air temperature ,200° F.) 



Optimum spark advance, 

deg 

Inlet-air pressure, In. Hg 

Spark advance, deg 

L m. e. p, lb. per so. In 

I. f. o„ Id. per I. hp.-hr 

Exhaust temperature, "F 

Temperature rise, °F 

Maximum cylinder pres- 
sure, lb. per sq. In 



Compression ratio 



S.50 



31 
45 
SI 
210 
0. 513 
1,430 
11 

925-750 



8.0O 



20 
45 

20 
214 
0. 408 
1,400 
10 

825-750 



8.00 



29 
87 
20 
173 
a 445 



III — COMPARISON OP KNOCKING-CHARACTERISTIC 
CURVES WITH OCTANE NUMBER 

The most generally accepted index of fuel rating is 
octane number. This index depends on a comparison 
of the knocking characteristics of a given fuel with. a 
blend of heptane and iso-octane. Since the knocking 
characteristics of different fuels do not necessarily have 
the same relative values for different engine operating 
conditions, the octane number of a fuel will vary with 
engine operating conditions unless the characteristics of 
the fuel are similar to heptane and iso-octane blends, as 
has been pointed out by Heron and Beatty (reference 
20). The purpose of octane number is not to indicate 
the maximum permissible performance that can be 
obtained from a fuel under any operating conditions but 
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to indicate whether the fuel will knock under the moat 
severe conditions to which it will he subjected. In 
general, this most severe condition will be either at 
take-off when the power output of the engine is high 
but knock is suppressed by enriching the mixture or at 
cruising when the power output is low but the mixture 
has been leaned to the minimum permissible value. If 
the fuels to be rated have similar characteristics, a 
single value of octane number representing one of these 
two conditions will probably be satisfactory. If fuels 
of different characteristics are to be rated, it may be 
necessary to determine octane numbers at these two 
most severe conditions. 

The method of considering the fuels and the engines 
presented in the present report is suggested as a means of 
determining the relative maximum permissible engine 
performance that can be obtained under any operating 
conditions. It presents a method of determining the 
manner in which the combination of engine and fuel can 
be used most efficiently. Although these two methods 
of fuel rating serve different purposes, they should be 
compared. 

In figures 26 and 27, the maximum permissible 
density factors are plotted against ASTM octane 
numbers for the blends used in the N. A. C. A. tests 
and for the blends used by Heron and Gillig in the 
tests reported in reference 9. In each case for the 
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Figubi 28.— Relationship between mnTimum permissible density 
number for fuel blends used in N. A. C. A. tests. 



.5 
and octane 



N. A. C. A. data, the curves are straight lines (fig. 26). 
The slopes of the lines vary and, as a result, the actual 
variation in engine performance is not a constant with 
respect to octane number. At the lowest inlet-air 
temperature tested, 10 octane numbers represent a 
change in the maximum permissible density factor of 
0.070; and, at the highest inlet-air temperature, the 
same range represents a change of 0.023. If a constant 
compression ratio is assumed, the increase in the maxi- 
mum permissible density factor represents a propor- 
tional increase in maximum permissible indicated mean 
effective pressure. 

The data of reference 9 (fig. 27) extend over a greater 
range of octane number than those of the N. A. C. A. 
tests and show that the curves at different engine speeds 



have different slopes and also that, for a series of blends 
at constant engine speed and jacket temperature, the 
slope of the curve changes. With the data presented in 
figure 27, each curve apparently consists of two straight 
lines. These curves emphasize the fact brought out in 
various other papers that, as the octane number is in- 
creased, the corresponding improvement in maximum 
permissible engine output becomes greater for a constant 
increment of octane number. 



no 




FwciLE 27 — Belstionshlp between maximum permissIMfl density factor and octane 
number for blends of 8-1 and M-l reference fuels (data from reference 9). 

CONCLUSIONS 

The results presented in this report show that, by a 
determination of the knocking characteristics of a fuel 
in an engine as a function of the highest permissible 
inlet-air density at any inlet^air temperature, data 
obtained at one compression ratio or at one inlet-air 
pressure are applicable to a series of inlet-air pressures 
and compression ratios at the different inlet-air tem- 
peratures tested. 

Analysis of the more important engine factors affect- 
ing knock leads to the conclusion that the most im- 
portant independent variables in any one engine are 
the inlet-mixture density and temperature and the 
mixture ratio. 

The data show that preignition must be treated 
separately from knock if the fuels are to be adequately 
rated in the engine. In the case of knock, the maximum 
permissible performance increases with speed for a 
constant spark advance; whereas, with preignition, the 
indication is'that the maximum permissible performance 
decreases with engine speed. 

The analysis shows that for any particular fuel the 
maximum permissible power increases as the compres- 
sion ratio is decreased provided that the inlet-air 
temperature is kept constant and the performance is 
limited by knock and not by preignition. For the 
cases in which the inlet air is heated an increasing 
amount as the boost pressure is increased, the rate of 
maximum permissible power increase with decreasing 
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compression ratio decreases and finally passes through 
a value of zero as the exponent of adiabatic compression 
within the supercharger is increased. For the parti- 
cular example cited in this report, an exponent of 1.6 
resulted in an increase in the maximum permissible 
power as the compression ratio of the engine was 
decreased until the ratio reached a value of 6.3. Fur- 
ther decrease in the compression ratio caused a decrease 
in the maximum permissible power output. 

The data show that a certain amount of correlation 
can be obtained between the knocking-characteristic 
curves of several fuels obtained on different engines 
but that there are certain differences which are caused 
by the variation in engine designs. 

Presentation of the data on the basis of maximum 
permissible inlet-air density shows that the octane 
scale has a value in relation to engine output that varies 
with both octane number and the conditions of engine 
operation. 



Langley Memohial Aeronautical Labohatoet, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., September 14, 19S8. 
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